Introduction: Reactive oxygen species (ROS) are major contributors to cancer and involved in numerous tumor proliferation signaling pathways. Mitochondria are the major ROS-producing organelles, and ROS are produced from the synthesis of adenosine triphosphate and cell metabolism. Methods: A novel mitochondria-targeted peptide, namely KRSH, was synthesized and characterized. KRSH consists of four amino acids; lysine and arginine contain positively charged groups that help KRSH target the mitochondria, while tyrosine and cysteine neutralize excessive endogenous ROS, thereby inhibiting tumorigenesis. Results: The results indicated that KRSH is specifically inhibiting the growth of HeLa and MCF-7 cancer cell lines. However, MCF10A cells can resist the effects of KRSH even in a relative higher concentration. The dichloro-dihydro-fluorescein diacetate and MitoSOX TM Red assay suggested that KRSH drastically decreased the level of ROS in cancer cells. The mitochondrial depolarization assay indicated that treatment with KRSH at a dose of 50 nM may decrease the mitochondrial membrane potential leading to apoptosis of HeLa and MCF-7 cells.
Introduction
Mitochondria play multiple essential roles in eukaryotic cells. Primarily, they are responsible for the production of adenosine triphosphate (ATP) to support the cell metabolism. Different types of carbon sources, such as glycolysis, fatty acid, and amino acid, are transferred to ATP. All organic carbon sources will be metabolized to pyruvate and enter the Krebs cycle in the mitochondrial matrix through a reaction with nicotinamide adenine dinucleotide and flavin adenine dinucleotide. This reaction carries high energy electrons to the electron transport chain (ETC) in the inner mitochondrial membrane. 1 This oxidative phosphorylation (OXPHOS) pathway is responsible for the production of most of the ATP yield. Except for the production of ATP, mitochondria are involved in apoptotic pathways by regulating the release of cytochrome c, which promotes cell death. 2, 3 In addition, mitochondria are involved in other forms of cell death, including necrosis, autophagy, and necroptosis. 4 Regarding the energy engineer, mitochondria produce a large amount of cellular ROS, largely contributing to the development of cancer. The majority of mitochondrial ROS is leaking electrons from the ETC in the process of OXPHOS. A small amount of the mitochondrial ROS is produced through cell glycolysis and the tricarboxylic acid cycle. 5 In addition, several enzymatic reactions generate non-mitochondrial ROS, such as peroxisomes and cytochrome P-450, as a byproduct. Nicotinamide adenine dinucleotide phosphate oxidase is identified as a typical ROS generator, contributing a large amount of extra-mitochondrial ROS. 6 However, the production of mitochondrial ROS in normal tissues and cells is strictly controlled by endogenous antioxidants, such as glutathione, superoxide dismutase, and catalase. Following mitochondrial dysfunction, elevated levels of ROS will contribute to tumorigenesis signaling pathways. Increased ROS may also damage the DNA, 7 proteins, and lipids, and ultimately lead to the development of cancer.
Considering the increasing problems of traditional therapeutic methods against cancer, targeted drugs which are more tumor-specific and less toxic (eg, antibodies, 8, 9 antiangiogenesis agents, 10, 11 and other small molecules) appear more reliable. 12 Several mitochondria-targeted small molecules have been assessed in anticancer research. A previous study indicated that 5 nmol/kg SkQ1 per day in drinking water reduced the level of ROS prevented the formation of a tumor. 13 In addition, MitoTEMPOL, mitoquinone (MitoQ), and mitochromanol-acetate, likely displayed anticancer activity through mechanisms involving mitochondrial membrane depolarization and/or surges in the levels of mitochondrial superoxide.
14 Peptides consist of several amino acids (ie, 2-50), with a specific domain demonstrating better targeting and delivery. 15 Cell-penetrating peptides have been applied in numerous therapeutic areas, such as diabetes, cardiovascular disease, Alzheimer's disease, and cancer. 16, 17 The most common application of such peptides is mitochondrial targeting, easily crossing the mitochondrial membrane to repair mitochondrial dysfunction. 18 
Materials and methods

Peptides synthesis
The KRSH and KRA peptides were synthesized using Liberty Blue peptide synthesizer (CEM corporation, USA) on Rink amide AM resin (146 mg with a resin loading of 0.684 mmol/g) using microwave aided Fmoc-d-Ala-OH,
(tBu)-OH, and Fmoc-d-Cys(Trt)-OH were used to assemble the peptide using standard Fmoc solid phase peptide synthesis (SPPS) protocols. As shown in Figure 1 , the peptides were synthesized of 0.1 mmol and peptide couplings were performed by using Fmoc amino acid (5.0 eq) (Sigma, USA), N, N′-Diisopropylcarbodiimide (DIC) (Sigma, USA) (5.0 eq) and Oxyma (10.0 eq) (Sigma, USA) in DMF (total volume 4 ml) with the microwave irradiated for 4 min. Upon completion of SPPS, the N-terminal was acetylated on resin using capping solution (acetic anhydride 0.5 mL and DiPEA 0.87 mL in 5 mL DMF) for 1 hr at room temperature under nitrogen bubbling. Then resin was then flushed with DMF (3×5 mL) and DCM (2×5 mL). The peptides were deprotected and cleaved using cleavage cocktail (TFA/TIPS/EDT/ H 2 O =92.5:2.5:2.5:2.5) for 1 hrs. Precipitation in MTBE/ Hexane (1:1) yielded the peptide, which was purified by preparative RP-HPLC. The purity and identity were confirmed via analytical HPLC and high-resolution mass spectrometry.
Cell culture and treatment
The MCF-7, HeLa, and MCF10A cells lines were cultured at 37°C under a humidified atmosphere with 5% CO 2 in Dulbecco's Modified Eagle's Medium basic media (C11995500BT; Gibco, USA), supplemented with 10% fetal bovine serum (16,000-044; Gibco, USA), containing penicillin (100 units/mL) and streptomycin (100 mg/mL; Gibco, USA) at 37°C in a humidified atmosphere with 5% carbon dioxide. Cells were grown in six-or 96-well culture plates. The culture medium was replaced with fresh medium containing KRA and KRSH (50 nM) peptide solution and the cells were further incubated for 24 h. All cell lines were purchased from the National Infrastructure of Cell Line Resource platform (Beijing, China).
Neutral red (NR) assay
Cell survival was measured using the NR assay (SigmaAldrich, USA 
Detection of ROS
The levels of intracellular and mitochondrial ROS in MCF-7 and HeLa cells were estimated using the fluorescence-labeled probe 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) (Beyotime, Shanghai, China) and the mitochondrial superoxide indicator MitoSOX TM Red (Thermo Fisher Scientific, USA), respectively. The intensity of fluorescence was measured through flow cytometry (BD Biosciences, USA). Nuclei were counterstained with Hoechst 33342 (Beyotime, Shanghai, China). Images of cells were obtained using an AMG EVOS fluorescence microscope (Thermo Fisher Scientific, USA).
Colony formation assay
MCF-7 and HeLa cells were seeded in six-well plates (500 cells per well) with 1 mL culture medium. Cells were treated with KRA and KRSH for 24 h. After 1 week, colonies were fixed with 2 mL methanol for 5 min and stained for 30 min with Giemsa stain (Solarbio, Beijing, China). Colonies with >50 cells were scored as survivors and the Image Pro Plus 6.0 software was used to count the colonies in each picture.
5-ethynyl-2´-deoxyuridine (EdU) assay and release of cytochrome c
MCF-7 and HeLa cells were seeded in six-well plates and incubated overnight. Subsequently, the cells were incubated with KRA and KRSH for 24 h. Cell proliferation was tested using an EdU assay kit (KTA2030; Abbkine, USA) according to the instructions provided by the manufacturer. The release of cytochrome c was detected using an enzyme-linked immunosorbent assay (ELISA) kit (CSB-E08530h; Cusabio, USA) according to the instructions provided by the manufacturer.
Apoptosis assay
Cell apoptosis was assessed using FITC-Annexin V and propidium iodide (PI) staining (556,547; BD Pharmingen). HeLa Figure 1 The scheme of solid phase peptide synthesis with microwave-aided.
and MCF-7 cells were grown in six-well plates for 24 h to achieve complete attachment prior to treatment with 50 nM KRA and KRSH peptide. After 24 h, the cells were trypsinized and washed twice with PBS. Subsequently, the number of cells was adjusted to 1×10 6 cells/mL using binding buffer. Cell suspension (100 μl) was mixed with 5 μl FITC-Annexin V in the dark at room temperature for 5 min, followed by the addition of 5 μl PI dye, and incubated for another 10 min. The cell samples were tested within 30 min using a flow cytometer (BD Biosciences, USA).
Mitochondrial membrane potential assay
The JC-1 probe, which forms monomers or aggregates under different mitochondrial membrane potentials, was employed to measure the mitochondrial membrane potential in cells. In intact polarized mitochondria, the JC-1 probe is presented as a JC-1 aggregate emitting a red signal, whereas depolarized mitochondria induce the formation of JC-1 monomers emitting a green signal. Cells were cultured in six-well plates after the indicated treatments, incubated with 1 mL pre-warmed JC-1 staining solution (5 μg/mL) (Solarbio, Beijing, China) at 37°C for 20 min, and washed thrice with PBS. The cells were collected, and the intensity of fluorescence was measured through flow cytometry (BD Biosciences, USA). Mitochondrial membrane depolarization was indicated by an increase in the green/red fluorescence intensity ratio.
Concentration of KRSH peptide in mitochondria
Rat liver mitochondria were prepared as previously described to investigate the accumulation of Mito-N in mitochondria. 19 The mitochondria (250 μg of protein per mL) were incubated for 5 min at 37°C in 250 mM sucrose, 5 mM Hepes, and 1 mM ethyleneglycoltetraacetic acid (pH 7.4) supplemented with 500 nM KRSH, MitoQ, or dihydronicotinamide. The mitochondria were subsequently pelleted by centrifugation (16,000 g for 5 min), and the residual supernatant was removed. Buffer B (acetonitrile: water: trifluoroacetic acid =95: 5: 0.1) (250 μl) was added, and the mixture was immediately and vigorously vortexed. The samples were centrifuged, and the supernatant was transferred to fresh tubes and diluted using an equal volume of buffer A (acetonitrile: water: trifluoroacetic acid =5: 95: 0.1). The samples were analyzed immediately through high-performance liquid chromatography. The mitochondrial uptake of KRSH was determined as the ratio to the uptake of MitoQ. 20 
Statistical analysis
All data were analyzed using analysis of variance in the SPSS version 13 software and presented as the mean ± standard deviations. A p<0.05 denoted statistical significance.
Results
The KRSH peptide was synthesized and the purity was verified by analytical HPLC
As shown in Figure 2A, 
KRSH peptide induces greater inhibition of growth in tumor cells versus normal cells
Cell toxicity was tested in three cell lines, namely MCF10A, HeLa, and MCF-7. As shown in Figure 2C -E, the KRSH peptide inhibited cell growth at high concentrations. However, its effect on tumor cells (HeLa and MCF-7) was more pronounced than that observed in normal cells (MCF10A). Notably, there was no significant difference between the treatment and control groups in MCF10A cells, even when the concentration of the KRSH peptide was increased to 50 nM. In contrast, notable cytotoxicity was found in tumor cell lines at a lower concentration (12.5 nM). The different effects of the KRSH peptide on tumor cells and normal cells may be attributed to disruption of the intracellular ROS balance, consequently interfering with cancer cell survival and metastasis. These finding could provide inspiration for future antitumor studies.
21
KRSH peptide scavenges intracellular and mitochondrial ROS DCFH-DA is an endogenous probe for the detection of ROS, which accumulates in cells and forms DCFH. It can react with ROS and is transferred to DCF with green fluorescence (Figure 3A and C). Tumor cells have higher levels of ROS than normal cells owing to the rapid proliferation rate. Therefore, chemotherapeutic drugs could be specifically designed to promote or suppress the levels of ROS and consequently antagonize tumor progression. As shown in 
Proliferation of HeLa and MCF-7 cells is inhibited by the KRSH peptide
The colony formation assay determines cell viability after treatment with cytotoxins. HeLa and MCF-7 cells were seeded into six-well plates and incubated with 50 nM KRA and KRSH peptide. At this concentration, the KRSH peptide drastically inhibited the proliferation of The proliferation ability of cells was also investigated through EdU staining. As shown in Figure 5 , DNA synthesis was inhibited in both cell lines treated with KRSH.
The proportion of EdU-positive cell was decreased by approximately 50% after a 24-h incubation, suggesting the inhibition of tumor cell proliferation by KRSH.
KRSH peptide induces apoptosis in HeLa and MCF-7 cells
Inhibited cells that are unable to perform mitosis activate the apoptotic pathways. Figure 6 shows the apoptotic population of HeLa and MCF-7 cells after treatment with KRA and the KRSH peptide. Late apoptosis increased to 12.5% and 17.8% in treated MCF-7 and HeLa cells respectively, in contrast to control cells (1.09% and 0.55%, respectively). Cell apoptosis was further investigated by determining the release of cytochrome c, which is involved in the apoptotic signaling triggered by mitochondria. Cell homogenates were tested after treatment with KRA and the KRSH peptide using an ELISA kit ( Figure S2 ). The release of cytochrome c increased by 
KRSH peptide induces mitochondrial depolarization
The protective effect of KRSH-induced apoptosis of cancer cells was further studied by examining mitochondrial depolarization. HeLa and MCF-7 mitochondria stained with JC-1 emitted red and/or green fluorescence. When JC-1 was accumulated into normal mitochondria, it appeared in the JC1 aggregate form (red fluorescence). The KRSH peptide decreased the mitochondrial potential and produced obvious green fluorescence compared with the control group. Therefore, the MCF-7 and HeLa cells showed a higher mitochondrial depolarization ratio compared with the control group (Figure 7) .
KRSH peptide reaches a relatively high concentration in mitochondria
We measured the concentration of the KRSH peptide in rat liver mitochondria to investigate its distribution in the mitochondria. MitoQ is a well-investigated mitochondriatargeted small-molecule antioxidant, and its accumulation is measured using radio-labeled MitoQ. The accumulation of KRSH in mitochondria was approximately 80% compared with that measured for MitoQ ( Figure S1 ). 22 
Discussion
Accumulating evidence suggests that the development of cancer requires an abundance of ATP for unlimited proliferation and/or survival. This means that mitochondrial metabolism is necessary for tumorigenesis. In the previous decade, the Warburg effect has been established as the prototypical model of cancer metabolism. This hypothesis suggested that "aerobic glycolysis" is the general way to produce sufficient energy for cancer cells, and may reflect impaired mitochondrial function. 23 Recently, an increasing number of studies indicated that mitochondria in normal cells are structurally and functionally different from those present in malignant tumor cells. 13, 24 Mitochondria are the primary organelles involved in the production of intracellular ROS in the process of oxidative metabolism. However, endogenous antioxidants will scavenge ROS, thus controlling the levels of ROS. As a result of the highly effective OXPHOS, which occurs in cancer cells, a large amount of ROS is produced by the mitochondrial ETC. High levels of mitochondrial ROS (ie, superoxide anion and hydrogen peroxide) are required for signaling pathways to promote cancer cell proliferation and tumorigenesis. 13, 25 It has been reported that ROS produced from the ETC Complex III are involved in KRASmediated tumorigenesis through regulation of the ERK/ MAPK signaling pathway. 1 Another study indicated that overproduction of ROS and expression of Nox1 are associated with leukotriene B4 receptor 2-mediated survival of breast cancer cells. 26 Mutations of mitochondrial DNA (mtDNA) are frequently observed in a wide range of cancer types. 27 For instance, the most common mtDNA mutations in breast cancer are detected in the coding (dehydrogenase subunit 1 [ND1], ND4, ND5, and cytochrome b genes) or non-coding regions (D-loop) of the mitochondrial genome. 28, 29 Notably, a pathogenic mtDNA mutation in PC3 cells showed a drastic increase in the rate of tumor growth along with increased production of cellular ROS. 30 In another study, ND6 mutations produced a deficiency in respiratory complex I activity, and were associated with overproduction of ROS. 31 Although mitochondria are a promising target for the treatment of cancer, the delivery of antioxidants with high tumor specificity and lower toxicity into mitochondria remains a challenge. In the previous decades, Murphy et al developed the mitochondria-targeted antioxidant MitoQ, which contains a ubiquinone linked to the lipophilic penetrating cation triphenylphosphonium. With the assistance of the mitochondrial inner membrane potential (ΔΨ=140-180 mV), MitoQ can accumulate into the mitochondrial matrix by several hundred-fold. 32 In addition to lipophilic cation targeting vectors, cell-penetrating peptides are commonly used and efficient vectors for the specific accumulation in mitochondria. 33 Cell-penetrating peptides are a diverse family of peptides, consisting of 5-30 amino acids. These peptides can directly cross the mitochondrial membranes, and may rely on their small cationic group on the peptide side chains. 34, 35 According to the cell-permeable theory, we designed a peptide with high abundance of arginine and lysine, which can accumulate into mitochondria. Along the endocytic pathway, L-amino acids peptides are especially degraded by proteolytic enzymes, whereas D-amino acids peptide can decrase this degradation. Therefore, D-amino acid peptides are internalized through endocytosis at a higher level versus L-amino acids peptides. 36 We synthesized the KRSH peptide using all the standard Fmoc D-amino acids to maintain a sufficient concentration of peptide. Similar to a study which tested all the amino acids, we found that antioxidant amino acids (ie, tryptophan, tyrosine, cysteine, and homocysteine) demonstrated good antioxidant activity. 37 In addition, studies showed that N-acetyl cysteine exhibits strong potential for the inhibition of oxidative stress. 38 N-acetyl cysteine may be a powerful antioxidant and precursor of glutathione, 39 exerting a favorable effect on diabetes and Alzheimer's disease. 40, 41 We selected cysteine and tyrosine as the antioxidants in KRSH to neutralize the overproduction of ROS, decrease the levels of ROS in cancer cells, and inhibit ROS-related pathways.
Conclusion
Overall, our data indicated that KRSH is a promising antioxidant for the degradation of ROS in cancer cells and down-regulation of ROS-related pathways. KRSH did not induce any side effect in MCF10A cells, as the levels of ROS in normal cells are relatively lower compared with those measured in cancer cells (data not shown). The colony formation assay indicated that the KRSH peptide can effectively inhibit the proliferation of MCF-7 and HeLa cells by ≤50%. The mitochondrial depolarization assay indicated that treatment with the KRSH peptide increased mitochondrial depolarization through an unknown mechanism. This peptide will offer insights relevant to the design of future cell-permeable peptide-based agents. Such agents may be protease resistant and promote their activity inside endosomes. This important approach may help generate agents that are cell-permeable at sufficient concentrations and, thereby, more relevant to in-vivo applications. 
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